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Proximity Focused Hybrid Photo—Diode (PFHPD) was developped by RDI and DEP
should be carried on. A new type of light detector with very attractive properties, the
detectors, which are much needed to cope with the limitations of photomultipliers,
Another important activity of RDl, the development and the testing of new light
to be complete concerning the scintillating fibre calorimeters.
developments by each Collaboration of detectors tailored to their chosen needs, appears
Today, the natural transition from the generic R&D phase, RD1, to
proposal for the upgrade which includes an EM scintillating fibre calorimeter.
the CERN PS. The H1 collaboration is now in the process of submitting a technical
interest, the RDl EM calorimeter was used to perform tests with low energy particles at
(BEMC) with a scintillating fibre calorimeter in the H1 upgrade. In response to their
some time a keen interest in replacing their Backward Electro-Magnetic Calorimeter
Outside the realm of LHC, members of the H1 collaboration have shown for
ATLAS dropped the scintillating fibre option for the hadron calorimeter last December.
obtained with the new coarse hadronic prototype, the study ended abruptly when
appeared to be technically and economically promising in the light of the results
study was conducted in collaboration with the well known firm Ansaldo. Although it
engineering study of an iron/ scintillating fibre solution for the hadron calorimeter. That
Another development, directly linked to the ATLAS Collaboration, was an
in the scintillator.
calorimeter, in which WLS fibres run across all the plates to collect the light produced
CMS Collaboration was that of the Russian "Shashlik", a lead/scintillator sandwich EM
groups within the RD1 Collaboration. A very successful development linked to the
rations was at the origin of requests for new developments and conceptual designs from
Later, the continuing evolution of detector planning in the LHC protocollabo
tested using a l GeV electron beam at Orsay.
various scintillating fibre types embedded into lead modules were also systematically
extensively studied in separate dedicated activities. The radiation hardness properties of
Coupled to the EM calorimeter developments, several calibration methods were
acceptable hadronic performance at an affordable cost.
step in matching the LHC physics requirements for the best electron detector and an
the original monolithic compensating SPACAL concept, was considered a necessary
projective calorimeter and a coarse hadronic prototype. That choice, a departure from
extensively tested with a high sampling fraction (Pb/fibre volume ratio = 1.8/1) EM
Electromagnetic-hadronic (EM - had) longitudinal segmentation of the calorimeter was
program towards a global and realistic scintillating fibre calorimetry for LHC.
For the RDl Collaboration the past year was first a continuation of a generic
Fig. 2b). The arrows indicates approximately the regions scanned with the beam. OCR Output
performance (configuration I, Fig. 2a) and the projectivity properties (configuration H,
modules. Two configurations of the prototype were used to test the intrinsic
on Fig. 1c. The prototype comprised four non projective modules and two projective
and a 40 >< 40 mmf back face. The "staircase" shape of a projective module is shown
and a length of 30 cm. A projective tower corresponded to a half tower : no front face
non projective towers were parallepipedic with a cross section of about 40 >< 40 mm
detector was concentrated in only four towers with a "staircase" geometry. The
containing four towers with a 1.8:1 lead-to~fibre volume ratio. The projectivity of the
The prototype consisted of six mechanically independent modules, each one
2.1. Construction of the calorimeter
Conference (29 September - 2 October) [4].
Preliminary results of the Summer 92 runs were presented at the Corpus Christi
calorimeter using that "staircase" principle is shown on Fig. lc.
on Fig. 1b was expected to solve the problem. A projective module of the new EM
region, hence a dip in the response. The new "staircase" geometry schematically shown
reflected from the extremity, there was a local deficiency of plastic in the boundary
(Fig. la). Since all the fibres were cut perpendicular to their axis to preserve the light
caused by the construction where the sloping face of the module was machined
with the previous projective prototype [2]. It was understood that the problem was
The uniformity of the response at the boundary between adjacent modules was poor
with G = l mm scintillating fibres to reach an energy resolution better than 10%/*/E [3].
in the section 2.1 was established. A fibre/lead sampling fraction of 1/1.8 was used
acquired with the previous prototypes [1,2]. A realistic construction method described
The conception of the new EM calorimeter was based upon the experience
2. THE EM PROJECTIVE CALORIMETER
Calorimeter R&D proposal.
type of device are foreseen to continue within the frame work of the Scintillating Tile
sensitive area) avalanche photodiodes were also tested. Further developments of this
commercial units is the intended RD1 activity for 1993. New large area (180 mm?
completion of that program with the development and the production of competitive
The results of the tests are given in a publication which is appended to this report. The
u = (1.20 #2 0.23) 10
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a = (2.52 1 0.12) 10
fitted simultaneously on both sets of data :
where Si (pC) corresponds to the signal of the tower i. The parameters a and b were
‘°'s§= Si(1— as?+ b 3,)·353
applied to all tower signals :
the PMT readout system. A correction depending only upon the readout charge was
observed between 10 and 150 GeV. Extensive tests led to localize that non—linearity in
described by Gaussian functions. For both sets of data a non linearity of 8-10% was
electrons of 10, 20, 40, 80 and 150 GeV. The signal distributions were very well
June and August 1992. The linearity of the detector response was studied with
Separate analyses were done on two sets of data corresponding to the runs of
2.2. Electron Results
given by the sum of the twenty non projective tower signals.
channeling effects. Except for the projectivity study, the response of the prototype is
plane and 6° in the horizontal plane with respect to the beam axis were used to avoid
As the fibers were arranged in a square matrix, tilt angles of 4° in the vertical
end of the fibres were aluminized by sputtering.
through a square cross section (28 >< 28 mmf, 70 mm long) light guide. The front
connected to a 1" PMT (XP 2961 of Philips), equipped with a Wratten 3 yellow filter,
cross section bundle (25 >< 22 mm‘) and machined by diamond cut. Each bundle was
At the rear end the fibres of each tower were bunched together in a rectangular
simplified.
operation with intermediate fibres can therefore be avoided and the construction
difference was observed between the module with heated the fibres and the others. The
Kuraray). This procedure was used for all but one module, to avoid heating fibres. No
hours. The fibres were then extracted and replaced by new ones (3HF fibres of
filled with a set of dummy fibres and put in an oven at a temperature of 70°C for two
50 um. In order to prevent the alloy from entering the grooves the modules were first
low melting temperature : 58°C. The thickness of alloy between the plates was about
together using an alloy (Wood eutectic : 48% Bi, 20% Pb, 20% In, 12% Sn) with a
U shape grooves 1.1 mm deep with a pitch of 1.6 mm. The lead plates were bound
Each module is made by stacking fifty 1.5 mm thick lead plates extruded with
- 4
1.04 1 0.02 OCR Output150 I 6.57 1 0.15
1.20 1 0.0330 I 4.02 1 0.09
1.58 1 0.0440 I 2.50 1 0.07
2.11 1 0.0420 I 1.73 1 0.03
2.98 1 0.0710 I 1.24 1 0.03
G/E (%)E <o3v> I 6 0>C>
Table 2
experimental data.
with the energy E in GeV. The quadratic fit gives a sligthly better description of the
If?
ta (0.72 1 0.03) ==/, (X7 4 0.3/6.61.)° - (89 ”* O2) °/°
VE
4 (0.35 1 0.03) % (X7 4 2.0/6.6.1.)O G — (80 ic O2) /°
results of linear and quadratic fits are also displayed on Fig. 3a :
the corrected signal. The results are listed in the table 2 and shown on Fig. 3a. The
The energy resolution was determined from Gaussian fits on the disuibutions of
-0.36 1 0.02 631.24 1 0.11 -0.20 1 0.02150 I 607.66 1 0.09
0.22 1 0.02 335.63 1 0.07 -0.51 1 0.0280 I 325 .99 1 0.07
169.57 1 0.050.03 1 0.0440 I 162.69 1 0.07 0.53 1 0.03 I __ r
0.87 1 0.06 84.21 1 0.04 -0.15 1 0.0520 I 82.03 aa 0.03
41.65 1 0.031.50 1 0.05 -1.23 1 0.0710 I 41.27 »; 0.02
<signal> (pC)E (GeV) | <signal> (pC) AS/E (%)AS/E (%)
Table 1
results reported here were corrected for non-linearity.
where k is a normalization tenn (calibration). Unless otherwise stated the experimental
AS/E = (S - k E)/E
table contains also the deviation with respect to the linearity detined as :
The mean values of thc corrected signal are given in table 1 for the two sets of data. The
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t/F
O S- = QEBQM. +<0.17 a 0.06)%
of the lead glass counter was measured with electrons 2
measured with a lead glass counter, to the nominal beam energy. The energy resolution
energy of each photon was obtained by subtracting the energy of the scattered electron,
from the calorimeter. The scattered electrons were deviated by means of a magnet. The
in a 0.1 X0 thick lead target installed in the electron beam about ten meters upstream
Tagged photons, with energies of about 5, 15, 35 and 90 GeV, were produced
2.3. Photon results
fibre bundle.
the previous result corresponds to about 2300 i 400 pe/GeV at the rear end of the
than the sensitive area of the photocathode, only two third of the light is collected. So
in ref [1] and [2] was 1500t 300 pe/GeV. As the light guide cross section is larger
The number of photo-electrons measured with the same filter method described
randomly distributed over the whole area.
was about 50 events per cell. From that study the non uniformity appears to be
average value of the signal is computed using the events hitting the cell. The statistics
linearity. The scanned area was subdivided into cells of 2 >< 2 mmf. For each cell the
The non uniformity contribution was about 2.8% before correcting for the non
E tl?
2:-€&$& @07% oai </0
resolution is then about 2.1%. We can summarize this result as 2
of a tower is 1.6% (Fig. 4). The contribution of the non uniformity to the energy
events in the scanned area is 2.6%, while the energy resolution measured at the center
beam. The width (RMS) of the distribution of the signals corresponding to all the
measured by scanning an area of about 80 >< 80 mmf with the 40 GeV electron
The uniformity of the response as a function of the impact point position was
way to implement the projectivity in such a calorimeter.
signal non uniformity is at the level of 1%, demonstrating that this geometry is a good
Fig. 3b. The origin of the X coordinates corresponds to the "staircase" frontier. The
the vicinity of the "staircase" in the configuration II (Fig. 2b). The results are shown on
To study the effect of the projectivity a fine horizontal scan was performed in
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the detector plane with respect to the particle direction.
at 3.3 kV was obtained with pions. That precision does not depend upon the angle of
wires and of 50 1.8 mm wide cathode strips. A position resolution better than 200 um
C02, and the operating voltage was 3 - 3.6 kV. The read out consisted of the 50 anode
thickness of the chamber was 7 mm. The gas used was a mixture of n-penthane and
resistive carbon paint, at a distance of 1.6 mm from the anode wire plane. The overall
spaced by 2 mm. The cathode planes were 200 um G10 sheets coated with high
electromagnetic presampler [5]. The anode wire plane consisted of 50 wires of 50 ttm
calorimeter. The technology of the chambers was that of the OPAL endcap
With an active area of 10 >< 10 cm2 they were located 3 cm apart in front of the EM
The preshower counter was made of 2 small thin high gain wire chambers.
conducting coil). A preshower study was conducted by RD1.
allows one also to correct for the energy lost in the upsueam material (e.g. super
the calorimeter serves for particle identification and photon direction measurement. It
In some apparatus designed for LHC, a preshower detector located in front of
2.4. The Preshower Counter
with the energy E in GeV.
1/E
G . i . ° 2 F = 0; (1 _4 J; 0_1) ¤/0 (X = 3.9/d.0.f.
V?
G ° 2 g = >”-ML + (0.8 e 0.1) % (X = 7.2/¤.¤.r.
shown on Fig. 5
energy resolution of the prototype for photons. The results of linear and quadric fits are
electron. Unfolding the energy resolution of the lead glass counter, we obtain the
the sum of the energies of the photon measured in the prototype and the scattered
The energy resolution was determined from a Gaussian fit to the distribution of
producing electron pairs in the target.
A scintillation counter, placed just behind the target, was used to remove the events
keeping the correct plastic to lead volume ratio. The RD1 choice was to use l mm OCR Output
rich material. It is therefore possible to use scintillating fibres inserted in plastic tubes,
compensation condition requires simply a ratio of = 4/1 between lead and a hydrogen·
decrease the cost, because the fibre price goes essentially by volume. However, the
fibre diameter. This clearly means a much easier construction, but does not significantly
that maintains the compensation, is to modify the sampling frequency by increasing the
A possible choice for the design of a moderate resolution hadronic calorimeter
calorimeter is better than necessary and too expensive.
fibre diameter of 1 mm and the compensation volume ratio, fibre/lead = 1/4, the hadron
from pile—up for most processes sets limitations on realistic hadron performance. With a
At LHC, the contribution due to fragmentation fluctuations for Jet physics and
3.1. A coarse hadronic prototype
3. HADRONIC CALORIMETER DEVELOPMENT
to improve further the performance of the calorimeter.
H1 proponents of that proposal. The Hl collaboration expect to pursue developments
to perform tests for the upgrade. A close fruitful collaboration was established with the
more than 1000 channels and an hadronic section. The RD1 EM calorimeter was used
that calorimeter. The new design of the BEMC includes an electromagnetic section with
Backward Electro-Magnetic Ca1orimeter(BEMC). Fig. 7 shows the present layout with
centered around the use of lead-scintillating fibre calorimetry to replace the present
The proposal to upgrade the backward scattering region of the H1 detector [6] is
2.5. The Backward Electromagnetic Calorimeter for the H1 Detector
analysis is still in progress.
conditions : energy, amount of material, high voltage applied to the chambers. The
Data were taken using electrons and photons with the preshower under different
resolution was practically restored to that of the bare calorimeter by the correction.
counter was used to correct the calorimeter energy measurement. At 40 GeV, the
between the energy deposited in the calorimeter and that measured in the preshower
front plus 1.5 X0 of lead in the interval between the two chambers. The correlation
Fig. 6 shows typical distributions obtained with 40 GeV electrons and 1 X0 of Al in
apparatus, plates of aluminium and of lead were inserted in the preshower set up.
To simulate the amount of material located in front of such a device in a LHC
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ranging from 10 to 150 GeV (Fig. 9b). A best fit to the experimental points gives:
The energy resolution for pions was measured with pion beams of energies
towers.
geometry guaranteed a sufficient degree of uniformity in the transition region between
A horizontal scan with pions (Fig. 9a) demonstrated that the "staircase"
simulation is a verification of the accuracy of the simulations.
very fine probe of the structure of the calorimeter, the agreement between data and
This device was not intended for electron detection. However, as electrons are a
E 1/E(GeV)
4. 1 2.4 °7 2 = gg--L+(3.0j;0.4)%
The Monte Carlo prediction was:
E N/E(GeV)
2 : +(3_3jO_2)%
fit to the data yields:
3.15 package, electron data were analysed to determine the energy resolution. A linear
electron beams. As a cross—check of Monte Carlo simulations made using the GEANT
The calorimeter was exposed to pion beams and, for calibration purposes, to
by a light guide.
a 2 mm thick steel jacket. The fibres were then inserted and coupled to a photomultiplier
especially suited for lead. To get extra mechanical strength, each module was placed in
grooves. The lead profiles were glued together using a special double sided tape
volume ratio of approximately 4:1. The plastic tubes were then inserted into the
tubes with a pitch of 6 mm (see Fig. 8b). This structure corresponds to a Pb/plastic
extruded lead profiles 6 mm thick, with U shaped grooves of 3 mm to house the plastic
corresponding to 8.1 nuclear interaction lengths. Each module was made of 29
102 >< 102 mm2, a back face of 102 >< 174 mm? and a depth of 1700 mm (see Fig. 8a),
The prototype consisted of nine semiprojective towers with a front face of
however, of a loss of the same factor in light yield.
reduction of a factor 9 of both fibre volume and photodetector surface, at the price,
fibres in a 3 mm plastic tube. This allowed a substantial saving in cost due to the
of multiple scattering and bremstrhalung probability for muons inside the calorimeter OCR Output
Fe-Scintillating Fibre hadron calorimeter was designed by RDI groups. Minimization
In the framework of the Letter of Intent for the ATLAS detector at LHC [7], a
3.2. Engineering study of an Fe-Scintillating fibre calorimeter
incomplete lateral containment of the hadronic shower into each of the two prototypes.
main difficulty of the analysis still in-progress is in taking correctly into account the
placed directly in front of the EM calorimeter, followed by the hadronic prototype. The
Experimental "jets" were made by using pions interacting in a parafine target
hadronic prototypes.
experimental measurement was performed using the combination of the EM and
of the two calorimeters is not trivial and relies heavily on simulation. Therefore an
calculation of this quantity starting from the resolution for single particles (e and pions)
The expected resolution was better than 30%/VE with a constant term of 2%. The
resolution of the combined EM and hadronic calorimeters for the measurement of jets.
A relevant parameter for hadronic calorimetry performance at LHC is the
error of only 16% / VE.
in references [1,2], was 45 photoelectrons / GeV, which corresponds to a statistical
The number of photoelectrons, measured with the same filter method described
E 1/E(GeV)
+ E. Z +(2_·; ;()_4)%
predict the performance of an almost full containing device ( 5 >< 5 towers):
the energy sharing between the single towers. This gives us confidence in using it to
The Monte Carlo also accurately reproduces other details of the detector such as
- E W/E(GeV)
74. i . i.&°Z€+ (4.210.7)%
The GEANT simulation predicted :
E 4/E (GeV)
77. i 2. E = + (3.5i 0.4)%
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electron beam at the CERN SPS.
exposed, in collaboration with the Ecole Polytechnique group and RD1, to the H2
made of lead/scintillator plates. Nine prototype towers were constructed at Protvino and
An EM calorimeter option in CMS consists of an assembly of individual towers
4. THE "SHASHLIK" EM PROTOTYPES
introduction that effort came to an end last December.
supports and installation, was carried out by ANSALDO Componenti. As stated in the
fabrication. A detailed preliminary engineering study with cost estimate, including
The high degree of modularity of this design made it very suitable for industrial
fibres separately would also provide a pseudolongitudinal segmentation.
modularity, a finer granularity could be easily achieved if required. Reading out shorter
0.1 >< 0.1 in An >< AQ). Since the readout granularity was independent of the mechanical
the point of view of both fibre volume and photodetector surface. Each tower covered
instrumented depth of 10 M. The small fraction of scintillator was cost effective from
and 3 mm fibres arranged with a pitch of 12 mm, the calorimeter had a fully
With a passive to active material ratio of 20:1, appropriate for compensation,
proj ective crack between the barrel and the end—caps in a limited number of modules.
cables and cryogenics from the central detectors was obtained by allowing a non
magnetic flux return. In order to ensure the flux return continuity, the extraction of
parallel to the central solenoid axis, the proposed option provided a fully integrated
The projectivity in n was provided by using shorter fibres. With the iron plates running
geometry which kept constant the sampling ratio. Each sector was divided into towers.
pseudorapidity region In! < 3. The projectivity in q; was ensured by a 'staircase'
calorimeter was mechanically organized into 60 'orange' slices, covering the
were arranged longitudinally in a regular pattern inside a laminated iron absorber. The
Figure 10 illustrates the design of the hadron calorimeter. Scintillating fibres
term of 2%, adequate for a LHC detector.
the combined calorimeter system. The expected resolution was 28%/VE with a constant
SciFi hadron calorimeter. Light quark jets from 40 to 1000 GeV were passed through
calorimeter consisting of a LAr ’accordion' electromagnetic section followed by a Fe
A large simulation effort was undertaken to assess the performance of an hybrid
hadron calorimeter was used for the flux fétum of the central solenoid.
dictates the choice of Fe as an absorber. In the proposed mechanical construction the
- 1] OCR Output
Collaboration in 1993.
precision EM calorimeter. Further tests are planned within the framework of the CMS
The results already obtained are considered to be very promising for a high
consistent with the size of the towers.
<5x.v = [(5.3 ir 0.2 i 0.7)/VE + (0.25 t 0.05 i 0.03)] mm
2% reduction of the signal. The position resolution averaged over the tower area is :
to the odd, cut and not aluminized, central WLS fibre, which would give an estimated
the uniformity scan, the small dip observed in the central part of the tower is attributed
that of other detectors such as scintillating fibre and liquid argon EM calorimeters. For
energy resolution and the uniformity measurement. The energy resolution is similar to
available in an internal report [8]. Two representative results are shown in Fig. 12 : the
devices were also tested : PMT's and silicon diodes. Complete results of the tests are
uniformity of the response, and of the position resolution. Different types of read-out
performed included measurements of the energy resolution, of the linearity and the
The nine modules were stacked in the beam as shown by Fig. llb. The tests
output.
avoiding the loops, and the front end of the fibres were aluminized to increase the light
by Fig. 11c. ln a subsequent test, there was a separate WLS fibre for every hole, thus
fibres were running through 2 holes, making loops in front of the module as indicated
____ through 25 holes. The central fibre was cut in front of the module, while the other 12
doped with K27, were made at INR (Moscow). A total of 13 fibres were running
the scintillator tiles needed for the CMS EM calorimeter. The WLS fibres, polystyrene
for a fast production of excellent quality scintillator with complicated structure, such as
polystyrene, mixed with 2% para-Terphenyl and 0.5% POPOP. This technique allows
The scintillator tiles were produced by casting the melted raw material,
a total of 27.5 Xo. The length of a tower with the fibre bundle was 465 mm.
photosensitive device, PMT or silicon diode. A tower was an assembly of 75 planes for
produced in the scintillator, were gathered together in a bundle coupled to a
were running G = 1.2 mm WLS fibres. These fibres, which collected the light
47 >< 47 mm?. All plates were perforated with 1.3 mm diameter holes through which
mm thick scintillator and 2 mm thick lead plates. The cross section of each tower was
Each tower was a lead/scintillator sandwich as shown on Fig. lla made of 4
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unexpectedly large signal drop of 20%. Shortening the nominal distance by 1 mm gave
Increasing the distance between the source and the module by about 4 mm gave an
This signal drop can be corrected by using the information of the neighbouring cells.
displacement of the module with respect to the source results in a 0.5% signal drop.
The effects of geometrical misalignment were studied. A l mm lateral
the cobalt measurements.
RMS of the 4 measurements is 0.5%, which sets an upper limit to the reproducibility of
by a repetition of the beam calibration. Without correcting for this net increase, the
intervals. The 4 measurements show a continuous current increase, which is confirmed
For one of the modules the measurement was repeated 4 times at 1 hour
was aimed successively at the centre of each module.
compared with a beam calibration using 40 GeV electrons. The 8 >< 8 mm? beam spot
registered to allow for a geometrical correction. The result of the cobalt calibration was
0.5 sec integration time. The average current of the four neighbouring cells was also
the photomultiplier, typically 1.2 mA, was measured using a current meter with a
the calorimeter modules were positionned using a scanning table. The output current of
740 MBq (20 mCi). For the measurements the source was held in a fixed position and
made of a 0.1 mm thick Co foil with a surface of 33 >< 33 mm?. It had a strength of
0Cobalt source that was placed in front of each of 16 calorimeter cells. The source was
Aiming at a solution for the first task, calibration tests were done using a flat
5.1. The Cobalt source calibration
precision that can be obtained with the first three calibration methods.
The 2% norr—uniformity of the present calorimeter response sets obviously a limit to the
Four methods were tested, each corresponding to several of the above tasks.
of the detector for a limited number of cells.
experiment. This implies a probing of the fibre response along the depth
A precise monitoring of the radiation damage to the calorimeter in an LHC
In situ monitoring of this absolute calibration for each individual cell.
construction or at the startup of the LHC.
An absolute calibration of each cell at the 1% level during the detector
The calorimeter calibration task can be divided into three requirements :
5. DETECTOR CALIBRATION
l 3 OCR Output
different modules. The output current of the photomultiplier was registered using a
1.5 cm/s and passed through a selection wheel, which allowed steering into the
hypodermic tube [10]. The tube was driven by a motor running at a speed of about
5 mm long cesium—loaded gold wire mounted in a 0.71 mm outside diameter
Purdue University. The strength of the source was 185 MBq (5 mCi). It consisted of a
The source and the mechanical setup for its movement were borrowed from
also allow us to check its usefulness for tasks 1 and 2.
a limited number of cells at different 1]-positions accessible to such a source. Our tests
This calibration method is mainly aiming at task 3, with the intention of making
with the moving cesium source.
1.1 GeV electrons at LURE. Immediately after each beam test the cells were probed
40 GeV electrons before and after irradiation, with a total dose of about 5 Mrad with
of each of the 4 cells. The module, filled with 3HF fibres, was tested with 10 GeV and
hole. A 4-cell electromagnetic prototype was equiped with such steel tubes in the centre
137Cesium source was used, that moved inside a steel tube inserted in an empty fibre
probes the calorimeter response along the depth of a single module. For this test a thin
1 GeV) electromagnetic showers [9]. Therefore a calibration method was tested that
fibres is expected to show a depth-profile corresponding to low-energy (around
effects of ionizing radiation on the detector performance. The radiation damage to the
For a scintillator calorimeter to be used at the LHC it is important to monitor the
5.2. The moving Cesium source calibration
calorimeter cells.
Section 5-4), might replace a time consuming beam calibration of most of the
calibration method, which together with a calibration in situ using LHC pp events (see
definition of the distance between the source and the module. It provides a fast
This result could possibly be improved by using a mechanical setup with a better
module calibration. The comparison with the beam calibration gives an RMS of 3.6%.
In conclusion, the cobalt measurement provides a stable (0.5%) method for
neigbours.
results were corrected for the current ratios seen in the left/right and top/bottom
beam calibration values. It has an RMS variation of $3.6%. Where possible, these
Figure 13 shows the distribution of the ratios between the cobalt results and the
face varied typically by $0.7 mm.
a 1.5% signal increase. In the setup the distance between the source and a module front
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experiment which had served for the calibration of the BGO crystals [11]. lt consists of
a beam calibration with 40 GeV electrons. We used the cosmic ray set—up of the L3
A four—module electromagnetic prototype was tested in a cosmic ray SCI-up after
5.3. The cosmic rav calibration
fluctuation of 2.2%.
illustrated by Fig. 15. The comparison with an electron beam calibration gives an RMS
module depth. It is well suited for monitoring the radiation damage to the fibres as
method for module calibration and for probing the fibre response as a function of the
In conclusion, the moving cesium source measurement provides a stable (0.9%)
1.1 GeV electrons (dotted curve) is drawn on the plots for comparison.
by the 1.1 GeV electrons used for the irradiation. The average shower profile for
tr function of the depth for the 4 cells. The data show the typical damage profile caused
Figure 15 shows the ratio of the source response before and after irradiation as
2.2%.
cells the ratio of the source current and the beam response shows an RMS fluctuation of
the ADC response and had to be discarded for the comparison. For the remaining 3
damage as described in [9]. For the beam data, one of the cells showed instabilities of
fluctuations of the depth profiles of the 40 GeV electrons across the region of the
which takes into account the depth profile of the showers from the source and the
calibration with the beam data after irradiation needs an additional Monte—Carlo study
calibration, the 40 GeV data before irradiation were used. The comparison of the
For the comparison of the source measurements with the electron beam
typically 1*0.5%.
the repeated measurement at the same depth. The RMS variation of the shape was
0.6% The reproducibility of the shape was probed by comparing each data point with
the same measurement cycle several times. The global level shift was typically less than
The reproducibility of the cesium source measurements was tested by repeating
the absolute positions of the data points with a precision of il mm.
effect of the source leaving the module is seen. This signal drop is used to determine
irradiation for a single 4 >< 4 cm2 module using the cesium source. At small depth the
Figure 14 shows the light attenuation curve as measured before and after
continuously, this allowed data taking at typically 0.7 cm depth intervals.
current meter with 0.5 sec integration time. With the source movement running
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well as a monitoring of the variations. Two methods were studied in detail.
calibration. The analysis can provide both an absolute calibration of the calorimeter as
Data events can be used as an alternative or as a complement for the detector
5.4. Calibration using events from the experiment
40 GeV electrons in the 3 cells. The RMS variation of the calibration ratios was 3.4%.
Landau distributions (Fig. 17) were compared to the calibration factors found for
energy deposition is typically 80 MeV for a module thickness of 4 cm. The peaks of the
intrinsic resolution of the calorimeter modules for cosmic muons is deduced. Their
correction of the track length. From these factors a contribution of 35% due to the
reconstructed track length, ·;2% due to the electronic noise and 1% due the the
fluctuations in energy loss [13]. Additional contributions are 15% due to the
·’.cl8% contribution due to the energy spread of the cosmic muons and to their
distributions is 40%. This width is determined by several factors. There is an expected
counts and the sigma of the Landau is typically 19%. The RMS width of the
attenuation. The peak of the Landau distribution corresponds typically to 80 ADC
Figure 17 shows the signal distributions for the 3 cells, corrected for the light
probe the depth profile.
per cell, accumulated in a 24 hour data taking run. More statistics would be needed to
function of the module depth in bins of 1 cm. The plots correspond to about 1K events
cell were fit to a Landau distribution. Fig. 16 shows the calorimeter response as a
corrected for the track length inside the module. The pulseheight distributions for each
using the track information. Fiducial cuts were made, and the pulseheight was
The horizontal positions of the calorimeter modules were determined offline
was discarded.
values were stable within 1 ADC count. One channel showed electronic instabilities and
pedestals showed an RMS variation of il ADC count. Average pedestal and PPG
polynomial. Fit residuals were typically less than l ADC count (0.25 pC). The
used to calibrate the electronic readout chain [12]. The PPG data were fit to a
80, mounted directly on the PM output. A precision pulse generator (PPG) system was
The calorimeter was read out using a low noise amplifier with a gain factor of
Hz, which reduced to 1.2 Hz for fully recontructed tracks.
cm3 cells was placed between the two upper chambers. The typical trigger rate was 2
were used to trigger on cosmic muon events. The calorimeter module with 4 >< 4 >< 30
planes (2 mm wire pitch). On the top and bottom of the set-up two scintillation counters
three proportional wire chambers of 40 >< 40 cm2, each with two orthogonal wire
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solved by iteration. The simulations showed that the iteration procedure converged well
The expansion around it = 1 led to a very large set of linear equations, which was
invariant mass is a non—linear function of the energies of both electrons in the event.
each cell by performing a maximum likelihood fit to the invariant mass spectrum. The
RD1 EM modules were used. The method is to detemiine the calibration constants k for
For the detector simulation, the energy and position resolutions obtained in the
event rate is 4 Hz at a luminosity L = 1034cm‘2s'
20 GeV. Assuming an efficiency of identification of 90 % per electron, the electron
40 GeV. In the simulation 22% of the electrons survive the cuts n < 1.5 and PT >
The decay electrons were produced with a rather flat T] distribution and with PT around
production. A total cross section of 6 • BR = 1.15 nb was obtained without any cuts.
The PYTH1A5.6 Monte-Carlo was used to simulate the Drell—Yan 20
that the momentum measurement is not required.
the two electrons in the 20 -» e+e‘ decays. An important advantage of this method is
The second method uses the adjustment of the invariant-mass distribution of
5.4.2. The 20 -> e+e‘—invariant mass peak
detectors [14] where the E/p calibration method was applied
effect of the energy sharing is more important for the LHC detectors, than for other
number of electrons in each cell. Due to the high granularity of the EM calorimeter, the
where <g> is the average fraction of energy deposited in the central cell and n the
_ K ~ <g> Vu ’
Ck ¤<E/pl
calibration [15]. The resolution on the calibration constant k was found to be:
The energy sharing among several modules affects the accuracy of the
E/p = 1 cures this problem at the expense of a loss in efficiency.
measurement is often impaired due to bremsstrahlung of the electrons. A cut around
This method can make use of any isolated electron. However the E/p
calibrate the EM calorimeter, as was done in the CDF experiment [14]
the calorimeter and its momentum measured in the magnetic field can be used to
The adjustment of the ratio E/p between the energy of an electron measured in
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important component of a radiation hardness program is the irradiation of short lead
As the deterioration of the fibres is influenced by the ambient medium, an
energies below 1 GeV.
electromagnetic showers, through the 1:0 -—> 2y decays. These photons have typical
effects of radiation damage on the calorimeter are due to the production of
energy of electromagnetic showers is deposited in a region of limited depth, most of the
The radiation at LHC is mainly due to the pp collisions themselves. Since all the
6. RADIATION HARDNESS
cesium source and cosmic ray calibrations would not have been possible.
We are indebted to V. Barnes, J. Fay and M. Chemarin. Without their help the
scintillating fibres.
has also shown its good qualities for the detailed probing of the radiation damage to the
moving Cesium source option for a limited number of cells. The moving cesium source
monitoring in situ, the 20 invariant mass method is again appropriate, together with the
fairly high luminosity is required to quickly calibrate with a 1% precision. For the
combined with the 20 invariant mass method forms an effective solution, athough a
could be fulfilled. For an absolute calibration, the Cobalt source or the cosmic rays,
The calibration studies shown above indicate how the three calibration tasks
5.5. Summary of the calibration studies
__ 13 days at a luminosity L = 1O34cm'2s'
accuracy. With the expected electron rate, that calibration could be obtained in about
simulation an average of 150 electrons per cell were necessary to calibrate to 1%
the percentage of the energy per cell and R is an empirical factor close to 1. In the
were oz is the result of the invariant mass fit, n and g are the number of electrons and
K <g> vn
GK 2G RC2/1'DZ
The resolution on the calibration constants were well described by:
calibrations may be obtained from a cobalt source measurement (Section 5-1).
if initial calibration values with an accuracy of a few percent were used. Such pre
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only method available in April 1992.
and the PMT signals were measured before and after the irradiation. That was the
a) The electron beam intensity was reduced to a mean value of one electron per burst
different ways :
measurements of the light yield variations due to the irradiations were done in two
during the scanning in order to control the spatial uniformity of the radiation dose. The
inside a module hole (Fig. 18). The current of an ionisation chamber was also recorded
profile parametrisation was checked by introducing thermoluminescent dosimeters
.609 cm‘l, the dose at the maximum of the shower was calculated. The validity of the
expected profile of` the 1.1 GeV electron, z(a‘l) exp(—bz) with a = 2.795 and b
modules. A correction of 9% due to the back scattering was taken in account. Using the
irradiated modules, allowing an estimation of the total number of electrons reaching the
estimate of the dose was provided by alanine probes. They were put in front of the
with doses per module of 27.5 KGy in April 1992 and 26.9 KGy in October 1992. The
After a period of setting up, two irradiations of the modules were performed
cladding of Kuraray).




Kuraray PTF + 3HF 200 ppm "Green"
Kuraray PTF + 3HF 400 ppm "Green"
Bicron "Green"BCF-28
equipped with the following types of fibres was irradiated :
level of stability of the whole system was about 1% on avearage. A set of six modules
optical fibres to the PMT‘s on the modules and in addition to a reference PMT. The
measurements. An auxiliary light emitting diode was used. Its signal was sent through
same PMT type. Special care was taken to monitor the PMT stability during the
light read out was done in the same way as that of the EM prototype modules using the
The fibres had a total length of 2 meters and were bundled behind the modules. The
The Q = l mm scintillating fibres were embedded in lead with a volumic ratio of 1/4.
The irradiated modules had a 4 >< 4 cm2 cross—section and a length of 30 cm.
modules were remotely moved transversally to the beam to scan the entrance surface.
accelerator provided bursts of 10to 10electrons of 1.1 GeV at a rate of 50 Hz. The8 10
the LAL—LURE facility at Orsay. In the experimental area a derivation of the linear
modules equipped with the various types of fibres presently available. This was done at
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the longest recovery time.
presented above, the significant values are those in the last column of both tables, after
adiabatic evolution from the point of view of radiation damage. Therefore, in the tables
or even weeks for the tests, whereas in the LHC case the calorimeter will follow a quasi
situation leads to the introduction of the notion of recovery. Recovery time may be days
for the tests than in the LHC situation : tests cannot go on for five years or more. That
For the same total dose, the irradiation rate was, out of necessity, much larger
New cladding .89 .89 .89 .89
.44 .61SCSF 81 .89.90
.31BCF-10 .62 .91.86
3HF 200 .73.63 .93.87
3HF 400 .61 .73 .90 .88
.74 .87BCF-28 .97.92
1 hour 7 Hours 3 days 13 days
Time delay after irradiation
Table 4
.82New cladding .85 .78
.84.38SCSF 81 .82
.40BCP-10 .84.83
3HF 200 .81.61 .84
.57 .873HF 400 .84
.74 .91 .92BCF—28
1 hour 2 days 8 days
Time delay after irradiation
Table 3
reduction factors after two irradiations of almost identical strengths.
after the irradiations of April and October 1992. Note the agreement between the light
Tables 3 and 4 show the results of the relative light yield measurements done
correction was applied.
the absorbed dose. Nevertheless it was effecting the measurements, and a
within a period of a few hours was observed, which did not significantly increase
current of the PMT's. With that method an activation of the lead of the modules
6 Co60 radioactive sources of 53 MBq each, and to measure the mean output
b) Another way to estimate the light yield variation was to put in front of the modules
- 20 OCR Output
fibres [16].
denoted as SPACAL are the results of previous measurements done with bare
evolution of ot and Y during the recuperation for the different fibre types. The points
leading to the estimates of Table 5. The arrows in the figure indicate the trend of the
for the different fibers tested. This method is graphically illustrated by the Fig. 19,
Combining these two types of infomation, one may evaluate the Y and ot coefficients
I/I0 = exp(—.O06 / 'Y -.141 >< Ot).
With SD = .155 MGy cm
I/I0 = exp(—.04 SD / Y-.91 SD >< ot).
leads to a small contribution of the Y coefficient :
correlated to the attenuation. However, the penetration of the photons inside the module
with Y in MGy and ot in MGy‘1 cm'? The Cobalt method gives essentially a result
I/Ig = exp(-.019 / Y -.080 >< ot)
For the April 1992 irradiation, SD = .159 MGy cm :
I/IO = exp(-.12 SD / Y- .5 SD >< oc).
one finds an expression of the light intensity variation
Introducing the parameter SD which is the integral of the dose along the module depth,
two effects. A Monte-Carlo simulation has allowed us to quantify this relation.
the Y and ot coefficients. Using the electron beam, the result is equally affected by the
The variation of the PMT signal as a function of the irradiation gives a relation between
l/Att(Dose) = 1/Att(0) + Dose >< ot.
Li ght(Dose) = Light (0) exp(-Dose / Y)
of the dose, one defines
one, ot, gives the variation of the attenuation length Att. More precisely, as a function
coefficients. The first one called Y is related to the light yield at the emission, the second
The radiation resistance of a scintillating fiber may be characterised by two
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company was the Proximity Focused Hybrid Photodiode Detector (PFI-IPD). The
The first type of light detector proposed by RD1 and developped with the DEP
the PMT's.
detectors developped and (or) tested by RD1 could largely overcome the limitations of
suited for use as light detectors for calorimetry at large colliders. Two types of light
power consumption are limitations of photomultipliers that make them not very well
The dynamic range, the stability, the sensitivity to magnetic fields and the large
7. LIGHT DETECTORS
may also be in trouble.
up to a pseudorapidity of about 2.5, where most of the other EM calorimeter techniques
rumoured, the radiation damage is not an issue for an EM scintillator fibre calorimeter
That figure demonstrates very clearly that, contrary to what is often publicly
the induced constant term is small, 2 >< l0‘3 at 1] = 1.5.
ot = 0.3 MGy‘1 cm‘1 were used. The light loss is dominated by Y and the magnitude of
internal radius of the calorimeter was set to 1.35 m and values of 7 = 0.17 MGy and
increase of the constant term in the energy resolution o"/E (induced constant term). The
pseudorapidity. The circular dots correspond to the light losses and the triangles to the
integrated luminosity se = 4 >< 1041 cm‘2 is shown on Fig. 20 as a function of the
The deterioration of the perfomance of a scintillating fibre EM calorimeter for an
Table 5.
ot = .26 MGy‘1 cm‘1 and 7 = .163 MGy, which are consistent with the values of
__ analysis of the response profile along fibres of the SCSF81 type gave
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increases very rapidly. The linearity of response was measured to be better than 1%
A6 = 0.l°C or AV = 0.8 V. At higher gain values the sensitivity to the reverse voltage
voltage V. At M = 20 and 0 = 20°C the relative gain variation AM/M is 0.3% for either
The gain M has a strong dependence with both the temperature 0 and the reverse
test bench results are in excellent agreement with the data provided by the manufacturer.
where the APD's were used to read out the light signals from the EM prototype. The
Collaboration, both on a special test bench at Clermont—Ferrand and in the test beam
Detailed studies of the properties of those APD's were performed by the RD1
and a gain of 100 at a reverse voltage of about 2300 Volts [19].
which were investigated have a 16 mm active diameter, a dark current around 200 nA
fabrication technology appear to have largely overcome both problems. The APD's
laboratory studies due to poor stability and low production yield. Advances in the
However until recently large area APD's were mainly an item limited to
Low power consumption
Compactness
Insensitivity to magnetic fields
Wide dynamic range : > 105
High quantum efficiency : ~ 50% at Pt = 500 nm
PMT's
avalanche photodiode (APD). Solid state detectors offer a number of advantages over
The second type of light detector investigated by RDI was a new large area
Collaboration.
detector, and close contacts are kept. Another prospective client could be the H1
The CMS collaboration [18] has expressed a strong interest in that type of light
available in the summer 1993.
participation of RD1 amounts to 55 kSF to be paid in steps. Detectors should be
expertise. The construction has started and milestones are set. The planned financial
prototypes, which cuts down the price. Technically, RDI contributes the testing
photocathode. The design was simplified considerably with respect to the first
circular sensitive area with a diameter of 25 mm for both the silicon and the
of DEP and RDl is hoping to achieve that task in 1993. The new product will have a
make the device commercially competitive with respect to the PMT's. The partnership
reverse current and ageing behaviour, will be corrected. However the real issue is to
capability, of the device are impressive. Two weak points of the first prototypes, large
the present performance and the potential developments, such as the multipixel
prototypes, are described in the publication [17] appended to this report. The quality of
principle and properties of that device, as well as the results of the tests of the first
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Calorimeter R&D proposal [20].
_,__ pursue their development and exploitation in the frame work of the Scintillating Tile
In view of the success of the APD studies described above, it is foreseen to
remained very stable.
between 20 and 100. Thoughout each of the exposures of several hours the signals
tower. The calorimeter was exposed to the test beam with 6 gain settings of the APD,
with an APD at a gain M = 20 or with a PMT, when the electron beam was sent in that
resolution obtained with the calorimeter was the same whether a tower was equipped
satisfactory, although a bit slower than a PMT pulse. As shown on Fig. 21, the
the towers equipped with an APD instead of a PMT. The APD pulse shape was
The EM prototype was exposed to electron, pion and muon beams with one of
better than 1%.
over a dynamic range > 105. The stability and the reproducibility were found at a level
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Design of the fibre connections for a tower.
Test beam nonet tower assembly.
Fig 11 a) Mechanical design of the CMS prototype towers.
Fig. 10 The design of a Fe-Scintillatin g Fibre calorimeter for the ATLAS detector.
also shown.
Energy resolution for pions. The results of GEANT 3.15 simulations are
two modules.
Fig. Signals from a pion horizontal scan across the boundary region between
Detail of the extruded lead profile with the plastic tubes and the fibres.
calorimeter.
Fig Front face of a hadronic tower as seen by the particle entering the
Calorimeter.
Fig Layout of part of the H1 detector showing the Backward Electro Magnetic
electrons. The amount of material was 1 XO al + 1.5 X0 Pb.
Fig Distributions of the calorimeter and preshower signals for 40 GeV
Fig The photon energy resolution 0/E versus 1/VE.
non uniformity contribution.
single impact point. The difference between the two curves is due to the
electron gives a separate entry. The dashed curve is the distribution for a
Fig Distribution of the calorimeter response over a 80 >< 80 m2 area. Each
Uniformity scan across the "staircase" boundary between 2 modules.
Fig· The electron energy resolution G/E versus l/N/E.
Fig The two assembly configurations of the EM modules.
a projective module with the "staircase" construction.
the "staircase" sloping face
the machined sloping face
Fig· Types of construction for a calorimeter :
FIGURE CAPTIONS
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with PMT read-out (a), and with APD read out (gain of 20) (b).
Fig 21 The 40 GeV electron signal for a given impact point on the EM module
resolution 0/E for an integrated luminosity SE, = 4 >< 1041 cm`
Fig 20 The relative light loss and the induced constant term in the energy
recuperation period.
of the parameters from just after the irradiation to the end of the
of commercial scintillating fibres. The dashed arrows indicate the evolution
Fig· 19 The 0t and Y parameters describing the effect of the irradiation for 6 types
in the text.
luminescent dosimeters and the curve from the analytical expression given
Fig 18 The longitudinal profile of the radiation inside the module from thermo
Fig 17 The signal distributions corrected for the light attenuation in 3 cells.
depth for 3 cells.
Fig 16 The distribution of the average response to muons as a function of the
calorimeter cells.
Fig 15 The ratio between the source response before and after irradiation for the 4
source moving in a module before and after irradiation.
Fig 14 The light attenuation curve of scintillating fibres measured with the Cesium
calibration values for 16 EM calorimeter modules.
Fig 13 The ratios between the cobalt source measurements and the electron beam
b) CMS prototype uniformity measurement.
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(To be published in Nuclear Instruments and Methods)
zero and a multipixel capability.
large dynamic range, a low sensitivity to magnetic field, a power comsumption close to
device are a gain of up to a few thousand varying linearly with the applied high voltage, a
has been constructed and its properties have been studied. The main features of the new
A new type of light detector, the Proximity Focused Hybrid Photodiode Detector,
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silicon detector is reduced relative to that of the photocathode for a better signal/noise ratio.
Electrostatic focusing offers the advantage over proximity focusing that the area of the
focused, which was built by ITT for Johansen and Johnson [4] is shown on Fig. lb.
company”° were studied in detail [3]. Another hybrid photomultiplier, also electrostatically
A few hybrid photomultipliers with electrostatic focusing of the electrons made by the DEP
For Particle Physics, the hybrid photomultiplier idea was revived by R. DeSalvo [3].
on that subject.
[2], which presents the results of recent prototype tests, contains references to earlier work
were also built in Astronomy for high precision photometry. An article by J .G. Cuby et al.
stage due to the quality of the diodes available at that time. Hybrid phototube prototypes
starting in the 60’s [1]. However they do not seem to have evolved beyond the prototype
silicon detector is not very new ; several important developments were done on that subject
The idea to replace the conventional dynode chain of a photomultiplier tube by a
voltage the power consumption is only 1 ttW.
diode reverse current. As an example, for a reverse current of 10 nA and 100 V bias
The power consumption of the device at the present state is dominated by the silicon
thousands.
without pair creation. The electron gain is therefore (HV-HF) / 3.62 and can reach a few
a thin passivation dead—layer on the silicon which corresponds to a mean energy loss HF
entering the silicon detector, where they produce 1 electron-hole pair per 3.62 eV. There is
The photoelectrons produced in the photocathode are accelerated to the full voltage before
electrical field, HV, with a strength of about 10 kV, is applied between the two electrodes.
Those components are vacuum sealed to both ends of a ceramic cylinder. A large
proximity (E 1.5 mm) to the photocathode, which acts as an electron detector.
an output disk equipped with a reverse biased silicon detector (anode), placed in close
deposited just as in a conventional photomultiplier (PMT),
a glass or fiber—optics input window on which a semi-transparent photocathode is
components :
shown schematically on Fig. la, is a new type of light detector comprising two active
The Proximity Focused Hybrid Photodiode Detector (PFHPD), whose principle is
1 - INTRODUCTION
Appendix
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Canberra Semiconductor NV, Lammerdries 25 B-2250 Olen, Belgium.
photocathode spectral sensivity. However the problem is compensated by the large number
beam. The wavelengh of such a laser, 790 nm, is not well matched to the S20
source light pulses of up to 108 photons within 1ns are generated over a 4 mm diameter
case of a conventional LED by an avalanche transistor, was chosen. With this type of light
expected fast response of the prototypes. A 10 mW Philips GaAs laser, pulsed as in the
the 105 dynamic range required for LHC calorimetry application, without altering the
A fast and powerful photon source is needed to explore the tube performance over
and it will be kept under control for the next prototype generation.
l ttA level. According to DEP that increase appears to occur during the baking of the tube
1 nA. However, during the processing at DEP, the reverse current increased to reach the
For the bare silicon detectors as provided by Canberra, the reverse current were around
parameter of a silicon detector is the reverse current which limits the signal to noise ratio.
E-type configuration in which the P+ implant faces the incoming electrons. An important
The two silicon diodes are made with high resistivity 300 micron thick silicon in the
way a technical limitation of the device. The photocathode diameter is 18 mm.
the silicon was dictated by the immediate availibility from the firm Canberra". It is in no
6 mm (area 25 mm2), and 8 mm (50 mm2), respectively. The choice of the dimensions of
shown on Fig. 2a. They differ only by the sizes of the silicon detectors with diameters of
The construction scheme of the two prototypes made for the RD1 collaboration is
2 - THE PROTOTYPES AND THE MEASUREMENT SET UP
collaboration.
prototypes using the proximity focusing technique built by the DEP company for the RD1
electrostatic ones. This article reports the test results of the first two hybrid phototube
expected to be about two orders of magnitude less sensitive to magnetic field than the
field sensitivity problem. Due to the much larger voltage gradient, such devices are
technique to the construction of hybrid photomultipliers largely overcomes the magnetic
The proposal by the RD1 collaboration at CERN to apply the proximity focusing
field.
such devices, their performance is very adversely affected by the presence of a magnetic
However, due to the low electrical gradient and the non-parallel electron trajectories in
Appendix
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with the input capacitance CD (30 pF) of the scope. As only the E-type detectors were
diode acts as a current source of constant value in parallel with its own capacitance Cd and
Fig. 2b. During the time tc that the electrons drift across its 300 ttm thickness, the silicon
A simplified model of the silicon detector coupled directly to a scope is shown on
3 - l · The signal characteristics
3 · PERFORMANCE OF THE PROTOTYPES
rms of 1.4% was obtained.
such as the fluctuations of the laser light pulses, by using another detector as a reference, a
output charge was obtained. When correcting for the effects of other instability sources,
distributed over l hour, as in a short term stability test, a relative rms of 1.8% of the
estimate with statistical methods. By doing the distribution of 50 measurements, evenly
accuracy of the method — averaging, noise subtraction and integration - is difficult to
scope at a rate of l point/500 ps using its interleaved sampling capacity. The overall
Each measurement was the average of 50 consecutive pulses, each sampled by the
measured.
signal were recorded. In the second case, only the output amplitude of the signal was
by a 100 ns shaper. In the first case, Fig. 3b, both the amplitude and the total charge of the
signals, an off the shelf charge amplifier delivering about 550 mV/pC was used, followed
fed directly into the digital scope — 50 Q DC coupled — through a coaxial cable. For small
measurements were done in two differents ways. For large signals the diode output was
Since there were no available amplifiers covering the complete dynamic range, the
photocathode using a fibre optic guide.
space limitations for the tests performed in a magnetic field the light was fed to the
measurements were done inside a black—box using direct laser beam illumination. Due to
where the noise level becomes very large with respect to the signal. Most of the
signal (Figs. 3a and 3b). Such a method is simple and remains accurate except in situations
the tube, it was recorded with the tube gain set to zero and then subtracted from the total
reproducible, synchronous with the signal, and independent of the high voltage applied to
ADC, the difficulty can be overcome by using a fast digital oscilloscope. As that noise is
the signal line pick-up. Despite the fact that such an effect forbids the use of a conventional
of photons available. Another difficulty, also present with conventional LED pulsing, is
Appendix
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plot of the measured versus the expected output charge.
such that the ratio expected/measured be equal to unity for a charge of 20 pC. Fig. 5a is a
output charge, defined as being proportional to the attenuation of the filter, was normalized
overlap between the output charge ranges of the two types of measurements. The expected
coupling between 1.27 pC and 560 pC. The amplifier gain was calibrated using the
time constant. A preamplifier was used between 66 fC and 2.54 pC and direct scope
cover the measured output charge range from 66 fC to 560 pC, with a 25 ns integration
the silicon. The laser beam with a fixed intensity and a set of calibrated filters were used to
The dynamic range of tube 1 was measured at 10 kV with the bias set at 130 volts on
10 kV operating voltage.
3330 V for prototypes 1 and 2, respectively. The gain is about 1800 for both tubes at a
from 2 G = (HV - HF) / 3.62. The values of HF as measured from the data are 3650 V and
From these measurements an approximate estimate of the absolute gain may be obtained
straggling in the silicon passivation layer, corresponding to an average energy loss HF.
line fit are less than 1%. The curvature observed below 6 kV is due to the electron
of the gain between 6 and 10 kV is excellent; the deviations of the data points to a straight
voltage is shown on Figs. 4a and 4b for the prototypes 1 and 2, respectively. The linearity
The dependance of the output charge integrated over 25 ns on the applied high
3 - 2 — Gain linearitv and dvnamic range
the voltage signal gives therefore an accurate estimate of Q.
lV = RQ depends only on Q and on the scope input impedance R. The digital integration of
not only on Q, the total generated charge, but also on R, C and tc. However the integral
The maximum amplitude of the signal, \/max = RQ [1 - exp (— tc/RC)] / tc depends
RC = 2.5 ns and 4 ns for the two tubes, respectively.
expected rise time of the signal was therefore tc = 4.5 ns and the fall time constants,
beyond complete depletion and so an electron velocity of 66 ttm/ns was assumed. The
were 20 pF and 50 pF for tubes 1 and 2, respectively. The detectors were operated well
exponentially with a R (Cd + Cp) time constant. The capacitances Cd of the two detectors
The voltage signal was expected to reach a maximum at tc and then to decrease
was completely negligible.
of 10 kV electrons in silicon is about 1.2 ttm) the contribution of the holes to the signal
used, and since the e/h pairs were created close to the surface of the detector (as the range
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of the signal due to the curvature of the electron trajectories. The offset of a photoelectron
larger or smaller than the size of the silicon detector, which would postpone the decrease
shown on Fig. 7c. Such a difference is likely to be due to a light spot diameter slightly
predicts a continuous slow decrease of the signal with the strength of the magnetic field as
affected up to 0.15 Tesla. That is somewhat better than the results of a simulation which
Results are shown in Fig. 7b for various values of the tube high voltage. The gain is not
For the transverse field orientation, measurements were made up to 0.2 Tesla.
fields. Additional measurements up to 2 Tesla are planned.
the 2% measurement accuracy, a confirmation of the insensibility of such a tube to axial
The results are shown on Fig. 7a. As expected, the output charge remains constant within
and a diffusing translucid disk whose diameter was the same as that of the silicon detector.
previous one except that the light pulses were fed to the input window via an optical fibre
direction of the 10 kV electrical field, up to 0.7 Tesla. The set-up was the same as the
A first set of measurements were made with an axial magnetic field, parallel to the
3 - 3 - Magnetic field tests
future.
silicon detector, as opposed to the 500 mm2 detection surface which will be used in the
dynamic range, even when the total signal is concentrated in this small area (25 mm2)
calorimetry, the linearity is preserved with a charge integration of 25 ns over the full
limitation if very short shaping times were used. However, for the purpose of LHC
known in heavy ion spectroscopy [5]. Such a phenomenon might become a serious
charge density which screens the collecting field, the so-called "plasma effect", well
to the increase of the charge collection time in the semiconductor caused by local high
for the output pulse amplitude for high charge level as shown on Fig. 6. That effect is due
Whereas the output charge is very linear, large deviations from linearity are observed
was set by the noise pick-up level and the upper end by the laser output power.
output charge range used for the measurements is not limited by the device. The lower end
with a gain of 1750, 1 GeV = 0.14 pC is the energy scale also shown on Fig. 5a. The
500 photoelectrons, as measured for a RD1 fibre calorimeter prototype, was used. Thus
such a plot with the incident energy for calorimetry applications, an equivalence 1 GeV
is consistent with zero at the 2% measurement accuracy level over the full range. To scale
The linearity is excellent. The ratio (measured-expected)/expected shown on Fig. 5b
- OCR Output
L = 1041 cm‘2.
would be only 1.2% per year at a pseudo rapidity n = 2 for an integrated luminosity
on a calorimeter cell covering An >< Ao = 0.02 >< 0.02 radian, the expected gain loss
instance, if an hybrid tube equipped with a silicon detector of 1" diameter were to be used
adequate to use it as a photon detector on a scintillating fiber calorimeter for LHC. For
scrubbing). However even under the present conditions, the lifetime of the tube would be
cleaning the silicon diode with an electron beam before insertion in the tube (electron
The ion return flux is expected to be reduced by at least an order of magnitude by
efficiency at longer wavelength is obtained with thicker photocathodes.
photocathode layer becoming thinner because of ions emitted from the silicon : high
4 times larger for 71. = 800 nm than for 7t = 550 nm. Such a pattern is consistent with the
wave lengths show that the relative loss increases with the light wavelength. It is about
smaller in the region facing the silicon than outside it. Two other scans done of different
photocathode is about two times larger than that of the silicon. The photocathode current is
measured throughout the x and y scans are shown on Figs. 8b and 8c. The diameter of the
pencil light beam. The distributions of the photoelectron output current of the photocathode
Following the ageing tests, scans were made across the photocathode area with a laser
measurement reported in the Note, an indication of a photocathode effect in the later case.
of magnitude larger than that of the bare silicon diode obtained from an auxiliary
with the integrated charge at a rate of 4% per 100 mC. Such a loss rate is about two orders
of the integrated output charge up to 600 mC are shown on Fig. 8a. The gain loss is linear
correct for the laser beam fluctuations. The results of the gain measurements as a function
the tube was measured every hour with the Ga—As laser. A reference tube was used to
7 mC/hour, corresponding to a charge density of about 0.15 mC/mm?/hour. The gain of
voltage was set at 8 kV for an initial gain of about 1200 and a measured output charge of
was measured under illumination by a yellow LED continuous light source. The high
The ageing behaviour of tube 2, equipped with a 8 mm diameter silicon detector,
3 - 4 — Lifetime tests
detector.
silicon detector position. Such an offset can be handled by using a slightly larger silicon
accelerated in the tube up to 10 kV in a 0.15 Tesla transverse field is only 1 mm at the
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framework of the RD1 Collaboration. We wish to thank our RD1 colleagues for fruitful
gratefully acknowledged. The work presented here was done within the general
The cooperation of DEP for the design and the construction of the prototypes is
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it will be an attractive replacement of the traditional PMT’s in many applications.
segmenting the silicon detector. Already now the properties of the new device are such that
lifetime will be constructed. A multipixel capability will also become available by
In the near future new hybrid tubes with larger 1" diameter silicon and improved
consumption. The first beam tests show a very good signal to noise ratio.
magnetic field, a large dynamic range, an excellent gain linearity and an almost zero power
device for light detection on future calorimeters. The new detector has a low sensitivity to
The Proximity Focused Hybrid Photodiode Detector represents a very promising
4 - CONCLUSIONS
(silicon detector + amplifier) is low. It is equivalent to 15 MeV rms.
This corresponds to an energy loss of 300 MeV. The noise level of the whole system
of 1.8%. The muon signal is 9 pC on average, as shown by the distribution of Fig. 9b.
distribution for 40 GeV electrons is shown on Fig. 9a and gives an energy resolution 6/E
with electrons of various energies and with muons at the CERN SPS. The output charge
diameter silicon detector. The output signal was amplified by a factor 100. Data were taken
and lead layers [6]. The new hybrid detector prototype was equipped with a ll mm
shifting fibres of a single (ll >< ll) cm2 module of an em calorimeter made of scintillator
For a first beam test, a new prototype was coupled to the read-out wavelength
3 — 5 - Beam tests
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presently about two orders of magnitude shorter than the bare diode one.
with a silicon diode is estimated to be adequate for LHC application, although it is
LHC calorimeter. As reported in section 3.4, the lifetime of the complete tube equipped
For both types of diodes the lifetime is more than ample for the use in light detectors for a
immediate availability the E type diodes were used for the construction of our prototypes.
because there should not be an extra silicon thickness on the N+ implant side. Due to their
appears to be more resistant than the E type. However it is also more delicate to handle
The lifetest results are shown on Fig. ll for both types of diodes. The T type
the depletion depth of the silicon was 300 um.
incoming electron impinges on the P+ and N+ implant sides respectively. For both types
Two types of silicon diodes were studied the so called and "T" types where the
measurement operations are shown on Fig. 10.
sides of the irradiated region. The principles of both the irradiation and the gain
mode with a ten times smaller magnification in order to scan unaltered silicon area on both
For the gain measurements, the electron microscope was switched to the line scan
the gain of the irradiated area relative to that of the non-exposed region.
to irradiate a small well defined area of the diode, about (100 >< 75) p.m2 and to measure
microscope. The 10 keV electron beam provided by the microscope was used altematively
The Silicon diode ageing measurements were done using a scanning electron
LIFETIMES OF THE SHJCON DIODES
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diodes.
Fig ll The gain losses versus the output integrated charge for the E and T type silicon
using a scanning electron microscope.
Fig 10 Principles of the irradiation and of the gain measurement of the silicon diodes
b) muons.
a) 40 GeV electrons
Fig. The output charge distributions of the PFHPD mounted on an em calorimeter for
charge).
b) and c) Photocathode scannings after irradiation (600 mC integrated output
Fig. a) The PFHPD gain loss versus the integrated output charge.
b) Measured and c) Expected effects in transverse field.
a) Output charge in axial field.
Fig. Tests in magnetic fields.
Fig. The PFHPD pulse amplitude versus the output charge.
b) Deviations from linearity versus the output charge of the PFHPD.
Pig. a) Dynamic range of the PFHPD.
Fig. Output charge versus high voltage for the two prototypes.
b) Noise subtraction and digital integration.
a) Signal and noise recording.
Fig. Signal and noise treatment.
b) Equivalent circuit for the detector coupled to a scope.
Fig. a) The DEP Proximity Focused Hybrid Photodiode prototypes.
b) The ITT Electrostatic Focused Hybrid Phototube [4].
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